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Scientific Basis for Ultra-high Burn-up Nuclear Fuels 
Patrice E. A. Turchi (12-SI-008) 
 
Abstract 
A key issue on the path to nuclear energy becoming an essential component of the U.S. clean energy 
strategy is complete burn of the nuclear fuel. We propose research that will enable high-burn-up fuels by 
establishing the basic science for development and qualification of advanced nuclear fuel that will couple 
modern computational materials modeling, fabrication, and characterization capabilities with targeted 
performance-testing experiments using ion-beam facilities. This work will establish the scientific foundation 
and guide selection of the optimum fuel type for advanced reactor concepts. We expect to experimentally 
quantify the phase stability and kinetics of phase transformations, inter-diffusion, microstructural evolution, 
micromechanical properties, and the influence of severe radiation environments on fuel performance and, 
by the end of the project, develop a validated model for advanced nuclear energy materials under extreme 
conditions of radiation, temperature, and evolving chemistry. We will provide a science-based path forward 
to an optimized inert matrix fuel, while contributing to the development of a validated nuclear fuel database. 
We expect this project will further establish LLNL’s credibility in the nuclear energy community. 
 
Mission Relevance 
Our approach to advancing the science of advanced nuclear energy fuels aligns well with the Laboratory’s 
energy and national security missions. Development of both advanced fuel cycles and hybrid fusion–fission 
concepts is inexorably intertwined with the same scientific challenges. This research will extend LLNL 
capabilities and further enable actinide and high-energy-density science, high-performance computing and 
simulation, energy manipulation, and capabilities to develop materials on demand. 
 
FY12 Accomplishments and Results 
Our ab initio work was extended to americium-X (X=neptunium, plutonium, uranium, molybdenum, 
zirconium), neptunium-Y (Y=molybdenum, zirconium), and uranium-T (T=molybdenum, tantalum, tungsten) 
and trend towards phase separation or ordering in these series of alloys were drawn. A complete 
thermodynamic assessment of the plutonium-molybdenum phase diagram with input from ab initio 
energetics was completed. A new phase in uranium-molybdenum was predicted around the 3:1 composition 
based on ab initio calculations, and a preliminary thermodynamic database molybdenum-plutonium-
uranium was developed. Kinetic modeling was applied to uranium-zirconium diffusion couples to optimize 
geometry for future ion-beam experiments. Our phase-field code was upgraded to include thermal gradient 
effect and non-periodic boundary conditions, and applied to the effect of coring in alloys and site 
redistribution in uranium-zirconium in a gradient of temperature. On the experimental side, more samples of 
uranium-X (X=molybdenum, zirconium) and metal matrix alloys, zirconium-iron-copper, were prepared and 
characterized at the university of Texas A&M, and we carried out further characterization (x-ray diffraction 
and transmission electron microscopy) as a function of annealing time. Our studies on actinide alloys 
showed that TEM is indispensable to reveal features that were not seen before. E.g., in the case of as-cast 
uranium-zirconium bulk alloys, even at low zirconium composition, the lamellar structure of the 
decomposition in alpha (orthorhombic U structure) and delta (UZr2) phases was clearly observed, and 
characterized. Also, short-range order was observed in quenched body-centered cubic uranium-
molybdenum alloy, and further analysis may reveal the existence of a new phase. Finally the very first ion-
beam experiment was conducted on bulk uranium-zirconium and post-irradiation examination is still in 
progress to study microstructural changes caused by irradiation effects. 
 
FY13 Accomplishments and Results 
Samples of uranium-molybdenum (U-Mo) and uranium-zirconium (U-Zr), and inert metallic matrix Zr-Fe-Cu 
alloys were synthetized (3 compositions for each class of alloys) and characterized with X-ray diffraction, 
transmission electron microscopy (TEM), and differential scanning calorimetry analysis. Sample holders for 
irradiation experiments were designed and two sets of experiments at two temperatures (450 and 600 C) 
(with 4 samples per holder) were carried out at the Center for Accelerated Mass Spectrometry. Post 
examination experiments with XRD and TEM were performed on U-Mo and U-Zr samples. It was shown that 
in the case of U-Zr, irradiation damage caused a morphology change in the lamellar microstructure with 
accompanying coarsening and loss of orientation relationship between the a-U and d phases. For U-7 (and 



10)wt.% Mo, detailed TEM work revealed a metastable structure that is different from the commonly known 
high-temperature bcc phase. On the theoretical side, for the first time ab initio calculations of the 
equilibrium properties for the ternary U-Mo-Zr alloys as function of composition. The study revealed the 
importance of the contribution of the three-body interactions for describing the Gibss energy of the ternary 
alloy, an effect that is been largely ignored in past studies. This has consequences on stability and also on 
kinetics of transformation and microstructure of nuclear fuels. The thermodynamic assessment of additional 
binary alloys has been extended to Plutonium-X, X=Mo, Tungsten, and also, for the first time to U-Cesium 
alloys. In this later case, because of enormous atomic size difference between U and Cs, there is a 
tremendous tendency towards phase separation in this alloy, and we expect the same to be true in the case 
of U-Strontium alloys. Finally, the LLNL phase-field code has been extended to handle multi-phase 
microstructures, and applied to U-Zr alloys to study solidification and solid phase-decomposition in the case 
of U-Zr alloys. 
 
FY14 Accomplishments and Results 
Because of the limited funding allocated to the SI in FY14, the work has been limited to mentorship of a 
postdoctoral Fellow from CEA Valduc, characterization of samples irradiated in FY13, and publication of 
work under the SI. (1) In the framework of the DOE/NNSA-CEA/DAM cooperation in “Fundamental science 
supporting stockpile stewardship” (Project P181), a Postdoctoral Fellow joined the team in FY14 to work on 
the role of daughter products on the stability of Ga-Pu and Al-Pu alloys. Based on an extensive literature 
search on phase stability properties, and by recasting the bcc phase ab initio energetics in the CALPHAD 
framework, the Pu-U phase diagram has been successfully thermodynamically re-assessed. Then, the Pu-U 
thermodynamic functions have been combined with the Pu-Ga and U-Ga ones to predict the ternary Pu-U-
Ga system. It is worth noting that this system has never been assessed or reported in the literature before. 
Our predictions show that a small amount of U impacts the δ Pu-Ga phase stability by precipitating the 
complex η and ζ phases, and therefore may impact swelling and mechanical integrity during aging. Both Pu-
U and Pu-U-Ga phase diagrams and property diagrams can be used as guidelines to design experiments that 
are usually costly, challenging and time-consuming. Indeed, these preliminary diagrams can be used to 
identify compositions and temperature ranges where maximum information can be obtained to further 
improve and/or validate the proposed thermodynamic database. By the end of FY14, the thermodynamic 
properties for the binary Am-U and ternary Am-Pu-U systems have been predicted, and the role of Am on 
the stability of Pu-U has been evaluated. The study will be extended to the quaternary Am-X-Pu-U (X=Al, 
Ga) during FY15 of this cooperation. (2) samples of Mo-U have been experimentally characterized with X-
rays and TEM, and comparison between non-irradiated and irradiated samples of U-Zr has been carried out. 
 
Overall Accomplishments and Results 
During the three-year LDRD-SI, the team has investigated with ab initio aided CALPHAD approach the 
thermodynamic properties of a series of actinide-based alloys, namely: Am-Pu, Am-U, Mo-Pu, Mo-U, Nb-U, 
Np-Zr, Pu-U, Ti-U, U-X (X=bcc transition metal), and U-Zr, and the ternary Am-Pu-U, Ga-Pu-U, Mo-Pu-U 
systems, the quaternary Al-Mo-Si-U system, and the promising inert metal coating Cu-Fe-Zr-X (X=Be, Nb, Ti) 
alloy. The LLNL phase-field modeling (PFM) code has been updated to account for the CALPHAD data both 
for the thermodynamic driving force and the kinetic data to study microstructure evolution as a function of 
quenching rate in Au-Ni and U-Zr alloys. On the experimental side, it was shown that TEM is critical in 
characterizing nuclear fuels by revealing for the first time the co-existence of a δ phase of UZr2 with the 
orthorhombic α phase of U, and the existence of a new phase in Mo-U alloys in the U-rich region where 
only the bcc phase is supposed to exist. Finally the creation of defects at the LLNL Center for Accelerated 
Mass Spectrometry  (CAMS) by implanting iron ions whose energy was similar to that of a fission fragment 
emitted by a nuclear power plant in samples of U-Zr alloys has shown that a loss of the materials’ well 
aligned lamellar (or plate-like) microstructure was indicative of a loss of dimensional stability that could 
impact fuel’s performance (and in particular swelling). These studies are highly relevant for several programs 
at DOE/NNSA and also DOE-NE (in particular the AFCRD, NeUp, and GTRI) 
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Accomplishments 
Because of the limited funding allocated to the SI in FY14, the work has been limited to mentorship of a 
postdoctoral Fellow from CEA Valduc, characterization of samples irradiated in FY13, and publication of 
work under the SI. (1) In the framework of the DOE/NNSA-CEA/DAM cooperation in “Fundamental science 
supporting stockpile stewardship” (Project P181), a Postdoctoral Fellow joined the team in FY14 to work on 
the role of daughter products on the stability of Ga-Pu and Al-Pu alloys. Based on an extensive literature 
search on phase stability properties, and by recasting the bcc phase ab initio energetics in the CALPHAD 
framework, the Pu-U phase diagram has been successfully thermodynamically re-assessed. Then, the Pu-U 
thermodynamic functions have been combined with the Pu-Ga and U-Ga ones to predict the ternary Pu-U-
Ga system. It is worth noting that this system has never been assessed or reported in the literature before. 
Our predictions show that a small amount of U impacts the δ Pu-Ga phase stability by precipitating the 
complex η and ζ phases, and therefore may impact swelling and mechanical integrity during aging. Both Pu-
U and Pu-U-Ga phase diagrams and property diagrams can be used as guidelines to design experiments that 
are usually costly, challenging and time-consuming. Indeed, these preliminary diagrams can be used to 
identify compositions and temperature ranges where maximum information can be obtained to further 
improve and/or validate the proposed thermodynamic database. By the end of FY14, the thermodynamic 
properties for the binary Am-U and ternary Am-Pu-U systems have been predicted, and the role of Am on 
the stability of Pu-U has been evaluated. The study will be extended to the quaternary Am-X-Pu-U (X=Al, 
Ga) during FY15 of this cooperation. (2) samples of Mo-U have been experimentally characterized with X-
rays and TEM, and comparison between non-irradiated and irradiated samples of U-Zr has been carried out. 
 
 
Project Summary 
During the three-year LDRD-SI, the team has investigated with ab initio aided CALPHAD approach the 
thermodynamic properties of a series of actinide-based alloys, namely: Am-Pu, Am-U, Mo-Pu, Mo-U, Nb-U, 
Np-Zr, Pu-U, Ti-U, U-X (X=bcc transition metal), and U-Zr, and the ternary Am-Pu-U, Ga-Pu-U, Mo-Pu-U 
systems, the quaternary Al-Mo-Si-U system, and the promising inert metal coating Cu-Fe-Zr-X (X=Be, Nb, Ti) 
alloy. The LLNL phase-field modeling (PFM) code has been updated to account for the CALPHAD data both 
for the thermodynamic driving force and the kinetic data to study microstructure evolution as a function of 
quenching rate in Au-Ni and U-Zr alloys. On the experimental side, it was shown that TEM is critical in 
characterizing nuclear fuels by revealing for the first time the co-existence of a d phase of UZr2 with the 
orthorhombic a phase of U, and the existence of a new phase in Mo-U alloys in the U-rich region where 
only the bcc phase is supposed to exist. Finally the creation of defects at the LLNL Center for Accelerated 
Mass Spectrometry  (CAMS) by implanting iron ions whose energy was similar to that of a fission fragment 
emitted by a nuclear power plant in samples of U-Zr alloys has shown that a loss of the materials’ well 
aligned lamellar (or plate-like) microstructure was indicative of a loss of dimensional stability that could 
impact fuel’s performance (and in particular swelling). These studies are highly relevant for several programs 
at DOE/NNSA and also DOE-NE (in particular the AFCRD, NeUp, and GTRI) 
 
Next Steps 
This project has clearly demonstrated the relevance of our unique capabilities in terms of modeling and 
experiments, especially our irradiation facility for actinide alloys. This work is contributing since March 
2013 to an OECD-NEA project on “Thermodynamics of Advanced Fuel-International Database (TAF-ID)”. 
We are also exploring collaboration with KAERI (South Korea) that expressed an interest in our approach to 
the basic science of ultra-high burn-up advanced nuclear fuels, especially the inert-matrix fuel concept 
originally proposed by the Bochvar Institute (Russia), for next generation nuclear reactors. 
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Fig. 1.  (a) Bright-field TEM images showing the morphology of the as-cast U-Zr alloys at all 
three compositions. Scale bars and composition labels apply to all images in rows and columns, 
respectively. 
 

 
 
Fig. 2. Large Zr granules of fuel surrogate coated by a metal matrix of Zr-6.2Fe-3.0Nb-2.8Be (in 
wt.%) with volume fractions of 63% Zr granules, 13% of Zr matrix, and 24% of porous region. 


